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ABSTRACT

This graduation project aims to study simulations of interactions between patrticles in
the context of transport theory considering thermal energies. The principal question
addressed in this work is how to translate simulated interaction rates into cross
sections, which are key quantities for more complex neutron matter interaction
simulations. In the present implementation the simulator materials were considered
with a single global temperature. There is no closed theory in low energy nuclear
physics and there exist a variety of simulators that, to a large extent, follow
established paradigms from the 1970s. As a difference in the present project a
physical Monte Carlo was employed instead of a mathematical one. A case study
based on different interactions and temperatures is presented and the related cross
sections are derived. The results have been compared with the theory, since there is

no experimental results to validate the simulator.

Keywords: Simulator; Particles; Potentials; Cross sections.



RESUMO

Este projeto de graduacao visa estudar simula¢gdes de interagdes entre particulas no
contexto da teoria de transporte considerando energias térmicas. A principal questédo
abordada neste trabalho € como traduzir taxas de interacdo simuladas em secdes de
choque, que sédo quantidades chave para simulacdes mais complexas de interacao
de néutrons com matéria. Na presente implementacdo, os materiais do simulador
foram considerados com uma Unica temperatura global. Nao existe uma teoria
fechada em fisica nuclear de baixa energia e existe uma variedade de simuladores
gue, em grande parte, seguem paradigmas estabelecidos na década de 1970. Como
diferencial no presente projeto foi empregado um Monte Carlo fisico ao invés de um
matematico. Um estudo de caso baseado em diferentes interacdes e temperaturas é
apresentado e as respectivas secfes de choque séo derivadas Os resultados foram
comparados com a teoria, uma vez que nao ha resultados experimentais para validar

o0 simulador.

Palavras-chave: Simulador; Particulas; Potenciais;.
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1 INTRODUCTION

At present, Brazil has two nuclear power plants in operation (Angra 1, 640
MWe gross / 609 MWe net and Angra 2, 1350 MWe gross / 1280 MWe net), and one
under construction (Angra 3, 1405 MWe gross). The date of commercial operation is
estimated for the end of 2027. Angra 1, 2 and 3 share the same location, Itaorna
beach (Praia de Itaorna), municipality of Angra dos Reis, about 130 km from Rio de
Janeiro as identified by the Federative Republic of Brazil (2022) [1].

Previous long-term planning studies on energy policy have outlined the
desirability of building four new nuclear power plants in Brazil. The Ten-Year Energy
Expansion Plan 2031 (Plano Decenal de Expansédo de Energia 2031 - PDE 2031),
issued by the Minister of Mines and Energy of Brazil through one of its organizations,
Energy Research Company (Empresa de Pesquisa Energética - EPE), presents
alternatives for the resumption of the Brazilian Nuclear Plan, which includes new
plants by 2031.

On December 16, 2020, the Ministry of Mines and Energy (Ministério de Minas
e Energia - MME) approved the National Energy Plan 2050 (Plano Nacional de
Energia - PNE 2050). Prepared by EPE, based on MME guidelines, the plan is a
support tool for the design of the planner's long-term strategy in relation to the
expansion of the energy sector. In this sense, the Brazilian nuclear program, which
began in the 1970s, placed Brazil at an international level in a competitive way in the
nuclear area. It is common to have electrical engineers in this area, even among the
pioneers in the initial phase. History itself shows the role of electrical engineers in the
nuclear area. The author of this diploma work developed an interest in the nuclear
area, among others, arising from disciplines studied during the undergraduation
program.

A decade ago, the activities of the nuclear study group (Grupo de Estudos
Nucleares — GENUC) at the Federal University of Rio Grande do Sul (Universidade
Federal do Rio Grande do Sul - UFRGS) began a project to create a Brazilian
simulator for neutrons transport for various applications, from energy production via
fission reactions, to applications in medicine settings such as nuclear diagnostic and
therapeutic methods, for example: Boron Neutron Capture Therapy (BNCT).

The simulator, despite of being in the development phase, already allows to

carry out a variaty of neutron transport simulations. The implementation is based on



the physical Monte Carlo method, which simulates reactions between neutrons and
target nuclei in analogy to how processes occur in real scenarios, unlike most
simulators that are used to tackle issues such as criticality, shielding, among others,
with effective and adaptive models.

The philosophy being followed only became possible because of changes and
paradigms in programming, for example: parallelization, OpenMP and MPI
(parallelization protocols). Most of the existing codes were developed when these
possibilities did not exist, therefore, they continued in the tradition of old nuclear
simulators and, in this sense, the GENUC’s simulator makes use of the latest power
computing resources.

The novelty of this procedure is due to the fact that, in models reported in the
literature, the energy dependence of the cross sections is obtained from databases
(GEANT [2], TRIPOLI [3], MCNP [4], Serpent [ 5], KENO [6], MCBEND [7], OpenMC
[8] and others). On the other hand, in the proposed methodology, the cross sections
[9] are obtained by continuous parameterizations between 0 MeV and 20 MeV ,
including the resolved and unresolved resonances, with a deviation of less than 1%,
using the reference functions [10] , [11].

It should be noted that the computational paradigm adopted in this
development is compatible with the GEANT platform, which in the future will allow the
insertion of the simulator to be developed as a module in GEANT, which will be
useful for simulating shields in the various applications in reactors, environments with
neutron sources such as hospitals, baggage control at airports and others.

In the current operational state of the simulator, the materials were considered
with a single global temperature, while in real situations the moderator is in a
temperature range centered around 300°C, and the fuel has a gradient from the
center of the rod of approximately 2000°C, to the surface at approximately 400°C.
Details depend on model and specific fuel element geometry.

In this project, a particle simulator was developed with the purpose of
translating simulations results into cross sections which are the basis for simulating
interactions between neutrons and target materials. This project aimed to continue
the development of a computational platform to simulate particles with emphasis on
computational approaches based on a physical method. The simulations conducted
and their results are useful in the matter of the studies of advanced reactors, future

nuclear systems and issues related to nuclear fuel. The development of this



computational platform for particle simulations constitutes a tool both for theoretical
studies for nuclear reactors and for applications. The project contributes by extending
the code with new details. The present work, with its expected results, aimed to
explore the possibilities of extending interaction descriptions, currently based merely
on cross sections, also to approaches based on interaction potentials. It should be
noted that there are a variety of simulators, some of them mentioned above, which,
for the most part, follow established paradigms from the 1970s. As a difference in the
project of creating a new code, one of the highlights is that the GENUC simulator is
being developed using the latest advances (from 2011 onward) in high-performance
computing. The present work aims to contribute in this sense.

The general objective is to contribute in the next steps of the development of
the simulator, that is, in the extension of the simulator's functionality. The specific
objective is to contribute to the exploration of the implementation of temperature
effects due to thermal movement of particles.

The objectives of the project in which this activity fits are the development and
application of the so-called enabling technologies that can solve operational
problems and real demands of the Almirante Alvaro Alberto Nuclear Power Station
(Central Nuclear Almirante Alvaro Alberto - CNAAA), Angra dos Reis, and analyze
issues of strategic interest to Eletronuclear regarding the possible classes of reactors
to be acquired or developed in the future in Brazil.

The specific objective of this undergraduation program project consists in the
implementation of the thermal effects in the interactions between particles at any
temperature.

The adopted philosophy (physical Monte Carlo) for the creation of the Monte
Carlo simulator opens the possibility of implementing the effects of temperatures
directly in the interactions. Even with a homogenized material medium it is possible to
take into account local temperature effects. The thermal energies in the Maxwell-
Boltzmann distribution, kinetic energy and also potentials that represent the vibration
and rotation energies of molecules or chains of atoms in a solid must be taken into

account.



1.1 MOTIVATION

An analysis of the interaction between particles can lead to a better
understanding of how nuclear energy can be produced. Therefore, there is a need to
study this problem with a view to future implementations in the GENUC's simulator.

Nuclear power is a low-carbon source of energy, because, unlike coal, oil or
gas power plants, nuclear power plants practically do not produce CO:2 during their
operation. Nuclear reactors generate close to one-third of the world’s carbon free
electricity and are crucial in meeting climate change goals as identified by the
International Atomic Energy Agency - IAEA (2022).

1,04% (1.99GW) of the power of the operational Brazilian electrical matrix
comes from two thermonuclear power plants as identified by the Brazilian Electricity
Regulatory Agency (Agéncia Nacional de Energia Elétrica - ANEEL) (2023).

Motivated by the desire to increase the share of electricity production by

nuclear reaction, it is necessary to develop knowledge in the area.
1.2 PRESENTATION OF THE PROBLEM

For cross-section measurements, sophisticated infrastructures are needed. In
this context, simulators are essential since they provide a laboratory for all types of
experiments. They are used since it is not possible to experiment in practice easily.
On the other hand, simulators are easy to produce results without needing real
measuring equipment. Therefore, to add more physical details to the simulation, the
present proposal aims to allow considering any potentials and temperatures for each
particle interactions and motion, respectively.

In measurements, for example the number of non-deflected beam particles,
are determined for a specific kinetic energy fo the neutron and thermal motion due to
a given temperature. In close analogy to experiments, the results obtained are
discussed in the Case Study section with its analysis and discussion. The present
contribution focusses on one operational component, which describes the scattering

contribution to the set of interactoins and is connected to the described in Figure 1.
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Figura 1 — Monte Carlo step flowchart
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Source: Self elaboration (2023).

Each decision is made based on probabilities which relie on the value of the
cross section. Most of the simulators use a database built from experiments to get
these values. However, that takes time. The group’s solutions is fitting a curve to this
database. This procedure saves time. However, some reactions still do not have a
database, since making the experiments is impractical or even impossible. Also,
getting information from database cost time. The objective of this diploma project is to
create a simulator that possibilitates to calculate the value of the cross sections for
differents physics contexts. This values are going to be utilized by the group’s

simulator to determine the probabilities at each decision as described in Figure 1.
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2 LITERATURE REVIEW
2.1 MONTE CARLO

The name Monte Carlo was applied to a class of mathematical methods first
by scientists developing nuclear weapons at Los Alamos in the 1940s. The essence
of the method is the invention of games of chance whose behavior and outcome can
be used to study some interesting phenomena. Although there is no essential
connection to computers, the effectiveness of numerical or simulated play as a
serious scientific pursuit is greatly enhanced by the availability of modern digital
computers as identified by Kalos and Whitlock (2004).

The Monte Carlo method is widely applied in several physics and engineering
problems, such as radiation transport, statistical physics, quantum mechanics and
nuclear theory, more specifically in neutron transport, context in which the present
undergraduation program project is inserted.

There are two basic ways to approach the use of Monte Carlo methods to
solve the transport equation: mathematical technique for numerical integration and
computational simulation of a physical process. The mathematical approach is useful
for importance sampling, convergence, variance reduction, random sampling
techniques, eigenvalue calculation schemes, as identified by Brown (2016). The
microscopic simulation approach is useful for collision physics, tracking, counting,
and more. Monte Carlo methods solve integration problems. Most Monte Carlo
theories deal with fixed source problems and using the concept of continuous
distributions. Another type of problems that make use of distributions are the
eigenvalues and are typically used for criticality calculations and reactor physics
topics.

Simple Monte Carlo Example:

Evaluate Equation 1 with Equation 2, that represents the area under the curve

in the Figure 2.
1
G = f g(x)dx
0
g(x) =1 —x? 2

Figura 2 — Monte Carlo example
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9(x)

Fonte: Brown (2016).

Mathematical Approach:

For k = 1,...,N: choose %, randomly from (0, 1)

N N
1 1
G = (1-0)-[average value of g(x)] = Nz gx) = N Z 1—x?

Simulation approach:

‘dart game”

For k =1,..,N: choose %, §, randomly from (0,1), if 2 + 97 <1, mark a
I(hit”.
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Figura 3 — Simulation approach
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Source: Brown (2016).
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Monte Carlo is often the method of choice for applications with integration in

G = [area under the curve] = (1-1) -

many dimensions. Examples: high energy physics, particle transport, financial
analysis, risk analysis, process engineering, and others.

The mathematical approach of the Monte Carlo method involves distributions,
therefore, reducing information to those focused on the specific analysis of interest.
The physical approach of the Monte Carlo method uses the philosophy of simulation
data generation and post analysis. First, particles are simulated with their
propagations and interactions, data is generated, and then multiple analyzes are
explored based on these generated data. The downside is that it needs more data
storage, however, with advances in digital technology, this demand, nowadays, does
not impose restrictions, on the contrary, new computational paradigms open the way

for innovative approaches.
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The mathematical Monte Carlo method was common to use, because there
were no conditions, such as the parallelization that is necessary for physical Monte

Carlo simulations due to its demand for a high sampling number.
2.2 COMPUTATIONAL CODES

The simulator developed in C++ language by GENUC at the School of
Engineering (Escola de Engenharia) at UFRGS stands out. The description of the
initial code developments are documented in de Camargo (2011). Subsequent
advances and progress are documented in de Camargo et al. (2013), Barcellos et al.
(2015, 2017b) and Barcellos et al. (2017a), with a shielding simulation presented in
reference in Barcellos et al. (2019). This neutron transport simulator, which uses the
physical Monte Carlo method, considers the cross sections as continuous functions
in the energy spectrum, obtained from the linear interpolation of data available in the
nuclear libraries, so that these functions are implemented in the simulator code, thus
reducing the computational cost involved when compared to the others that
determine the cross sections directly accessing databases.

A first contribution of this work to advance developments is to enrich the
simulator highlighted above through the implementation in C of interactions, with
temperature effects, between particles through collisions and potentials.

Computational codes for neutron transport found in the literature

Probabilistic codes, [3], [4], [5], [6], [7], [8]

1. COG - An LLNL Monte Carlo code for criticality safety analysis and general
radiation transport (http://cog.linl.gov).

2. OpenMC - A Monte Carlo code from MIT (open source).

3. MCNP - A LANL Monte Carlo code for general radiation transport.

4. RMC - A Monte Carlo code from Tsinghua University - Department of
Engineering Physics for general radiation transport.

5. KENO/Shift - An ORNL Monte Carlo code for criticality analysis.

6. MCBEND - An ANSWERS Software Service Monte Carlo code for general
radiation transport.

7. Serpent - A Finnish Monte Carlo code for neutron transport.

8. TRIPOLI — A 3D Monte Carlo and continuous energy code for general

transport by CEA, France.
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Serpent is the most similar to the GENUC’s simulator, but it does not follow
the 2014 parallelism protocols, considered the current standard. Processing time,
physical space and memory space are no longer problems, so the pioneering
approach of the group's simulator in this direction is possible. Serpent does not have
as many features as the group’s, and the group’s can be used by other simulators as
a module, Serpent does not, both in simulation and in parallelization.

The traditional approach of the mathematical Monte Carlo method solves the
Boltzmann transport equation, while the physical Monte Carlo simulates the particles
by trajectories and interaction vertices. The second approach, adopted in this work, is

only possible through the computational resources currently available.
2.3 LENNARD-JONES POTENTIAL

Lennard-Jones potetential, named after the British mathematician John
Edward Lennard-Jones, is a pair potential. The potential models repulsive and

attractive interactions as described by Equation 3.
o 12 o 6 3
V(T') = 4¢ [(;) - (;) ]

where r is the distance between two interacting particles, ¢ is the depth of the
potential well and o is the distance at which the potential is zero as described by

Figure 4.

Figura 4 — Lennard-Jones potential

rlo
Source: Wikipedia (2023).

1
The Lennard-Jones potential has its minimum at r = 2s0.
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2.4 CROSS SECTION

Physics of particle processes is dominated by quantum theories due to the
microscopic scale and the characteristic of the strong interaction that is short ranged.
Even then, it is instructive to analyze the classical collision process as an approach to
studying reactions between particles.

For this purpose patrticle-particle interaction scenario are considered. In classic
scenarios the collision happens through contact, therefore, both the projectile and the
target must be associated with a size, in this case a radius, assuming that both have
spherical geometry.

The “size” of the atom or nucleus is related to a quantity called the cross
section, which depends on the specific reaction whether at the atomic or nuclear
level. Some examples are scattering, capturing and others. To elaborate the concept
of the cross session using phenomenological arguments, consider a jet of particles
that extends homogeneously in an area A perpendicular to the direction of
propagation, where each particle has a radius r; and the volumetric density of

projectile particles is n,. This particle jet impinges on a layer of target particles where
the thickness is Ax, the target particle radius is r, and the target particle density is n,.
To quantify the interaction between the projectile particles and respectively the target,
the number of collisions and the deviation of the trajectories in relation to the initial
direction, that is, those that suffer interaction contain this information.

The design of the cross section can be elaborated using a purely geometrical
analogy. A collision between two particles with radii r; and r, respectively happens
when the center of mass of the projectile is in an area centered on the center of mass
of the target particle with effective area g, = n(r; + r;)%. Note, that in this way the
property (geometric extension) of the projectile and target are united in the geometric

(microscopic) cross section ay.
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Figura 5 — Cross section o

r1+r2 r2

-

Source: Self elaboration (2023).

Assuming that the thickness of the layer Ax is thin enough that there is no
overlapping of the areas o, then the probability for a collision to occur is proportional
to and can be calculated by summing all the areas o, contained in the volume AAx
(i.e. number of target particles N,) in this volume in relation to the area (particle beam

extension).

_ Ngo, 4
A

The reconstruction for arbitrary thickness x can be determined by composing x
by a number of layers with thickness Ax. Using the probabilistic argument then the
part of the particles that undergo collision AN and therefore are deviated from the
initial direction is given by

N,o,N n,AxAo, N 5
aAg =2 2 g = —ngAxayN

AN = —pN = —

where the minus sign indicates the decrease in the intensity of the initial jet and this
quantity is independent of the extension of the particle jet A. In the infinitesimal limit
for the thickness Ax we obtain

dN 6
E = —naagN

with the solution

N = Noe "a%* = Nye 2% 7
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where Y is the so-called macroscopic cross section (more appropriate would be the
interaction coefficient, here the scattering) which indicates the number of collisions
that a projectile particle undergoes per unit length traveled in the medium composed
of the target particles. On the other hand, the number of deviated particles is
No(1—e™2%).

In the presented considerations, only a difference between collision-deflected
and non-colliding particles was made, so the (microscopic) cross section represents

a total cross section.
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3 CASE STUDY
3.1 ADOPTED METHODOLOGY

Regarding the methodology used, to carry out the simulations, a computer
with a 64-bit processor, frequency of 1.8 GHz, 2 cores (4 threads), 4GB of RAM
memory, operating system Windows 10, 64 bits was used. Noted that, in order to
carry out the analyses, there is no need for high-performance computational
resources, which becomes essential after the implementation of what was developed
and validated in this diploma work.

Potentials and their effects on the nuclear system was carried out with a
stand-alone program to evaluate the effects of interest before extending the group’s
simulator code under development. The software necessary to carry out the
simulations was developed and implemented by the author of the work. The code
was written in the ANSI C language and the compiler needed to generate the
executable was gcc (GNU Free Software License). To edit the source code, the free
platform CodeBlocks release 20.03 was used. The graph of the cross section as
function of the temperature was made by the author in a Python program.

First, all the libraries, constants and parameters are defined. Since the
objective is to build a laboratory with the simulator, the program is structured so it can
be easily manipulated, activating or deactivating different modules such as gravity,
Coulomb and Lennard-Jones potencials that have been implemented or different
executions of collision. Many variations are easily achievable by changing few lines
of the code. The screen coordinates ranges from -1 to 1 both on the horizontal axis
and the vertical axis. The positions of the target particles are randomly choosen
between the values of the wall. All beam patrticles are allocated at the most left, with
horizontal values of -1 and the vertical position are randomly choosen.

The problem has the characteristic of a system of many poly energetic
particles in motion but with interaction only between pairs. For an approach there are
two possibilities (a) continuum via distributional quantities (densities, scalar and
angular fluxes, etc.) or (b) considering particles. Not all distributions are known so
these must be generated. Two possibilities: (a) starting with a distribution and
deforming it according to criteria (acceptance and rejection in mathematical Monte
Carlo); (b) accumulating trajectories and interactions of particles according to their
microscopic characteristics (sampling higher than (a) but need not accept or reject
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events.). Physical Monte Carlo is more generic, simulations are performed generating
a set of data, post-analysis to generate distributions from the data that can be
parameterized to obtain approximate representations in analytical form.

After all being set up, then the implementation is, roughly speaking, tracking
and interaction. For each particle, it is calculated, at each iteration, the resulting
acceleration that acts on the particle at a position in relation to the other particles and
the potentials under analysis as described by Equation 8. Note: Throughout the

document, m is mass and v is velocity.

F
a=—=—-
m

The procedure adopted for the two-dimensional problem is separated for each
collision into two one-dimensional problems, normal and tangential to the surface,
and only the normal undergoes changes, so a one-dimensional formalism is
sufficient.

An elastic collision is a collision in which kinetic energy is conserved. This
means that there is no energy lost as heat, sound during collision, etc. In an elastic
collision, both kinetic energy and momentum are conserved (the total before and
after the collision remains the same).

Momentum is the product of mass and velocity:

p:m-v 9

The kinetic energy of an object is one-half times its mass times the square of
its velocity:

KE 2 10

—mv

Subscripts 1 and 2 refer to one of the two colliding objects. An apostrophe
after the variable means that the value is obtained after the collision.

We write the conservation of momentum and kinetic energy as two equations:

Moment conservation:

myv; + myv, = myv; + myv, 11

Conservation of kinetic energy:
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1 1
2 2 12 12
mvy +—my,v;, = —mqv +-m,v
2 1%1 2 2V2 2 1%1 2 2V2

12

Combining these two equations results in the final velocities (after the

collision) of objects 1 and 2:

o = v, (my —my) + 2m,v, 13
1 m; +m,

. v,(m, —my) + 2myv, 14
2 my +m,

This result allows one to find the velocity of two objects after experiencing a
one-dimensional elastic collision. This result is used for the two-dimensional case.

A 7-step process follows to find the new velocities of two objects after collision.
The basic objective of the process is to project the velocity vectors of the two objects
onto vectors that are normal (perpendicular) and tangent to the collision surface. This
gives a normal component and a tangential component for each velocity. The
tangential components of the velocities are not modified by the collision, because
there is no force along the tangent line to the collision surface. The normal
components of the velocities undergo a one-dimensional collision, which can be
computed using the one-dimensional collision formulas presented above. Then the
unit normal vector is multiplied by the normal speed after the collision to obtain a
vector that has a direction normal to the collision surface and a magnitude that is the
normal component of the velocity after the collision. The same is done with the unit
tangential vector and the tangential component of velocity. Finally, the new velocity
vectors are found by adding the normal velocity and tangential velocity vectors for
each object.

1. Find the unit normal and unit tangential vectors. The unit normal vector is a
vector which has a magnitude of 1 and a direction that is normal (perpendicular) to
the surface of the particles at the point of collision. The unit tangential vector is a
vector with magnitude 1 which is tangent to the paticle surfaces at the point of
collision. First, find the normal vector. This is done by taking a vector whose
components are the difference between the coordinates of the centers of each
object. Let x,, x,, y; and y, be the x and y coordinates of the particles' centers. The

normal vector 7 is:
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n= (X2 —x1,Y2 — }’1)T 15

Where T is the transpose matrix. Next, find the unit vector of 7, which we will call u.
This is done by dividing 7 by its magnitude:

n n 16

Next, the unit tangential vector is needed. It is found from the unit normal

vector:

ut = (—uny, unx)T 17

2. Create the initial velocity vectors (before the collision) v, and 7,. These are
just the x and y components of the velocities put into vectors:

1_7)1 = (le, vly)T 18

U, = (UZx' UZy)T 19

Note that this step is not necessary if the velocities are already represented as
vectors, which is the case of the program. The positions, velocities and acelerations
are created in the vector format. This step assumes that the velocities are initially
represented as x and y components.

3. After the collision, the tangential component of the velocities is unchanged
and the normal component of the velocities can be found using the one-dimensional
collision formulas given above. It is necessary to solve the velocity vectors ©; and v,
into normal and tangential components. To do this, project the velocity vectors onto
the unit normal and unit tangential vectors by taking the dot product of the velocity
vectors and the unit normal and unit tangential vectors. Let v,, be the speed (simple
number, not a vector) of object 1 in the normal direction. Let v,; be the speed (simple
number, not a vector) of object 1 in the tangential direction. Let v,, be the speed
(simple number, not a vector) of object 2 in the normal direction. Let v,; be the speed
(simple number, not a vector) of object 2 in the tangential direction. These values are
found by projecting the velocity vectors onto the unit normal and unit tangential

vectors, which is done by taking the dot product:
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Vip = UN - Uy 20
vy = ut -9, 21
Vop = UN * Uy 22
Vop = UL * Uy 23

4. The new tangential velocities (after the collision) are found. The tangential
components of velocity do not change after the collision, because there is no force
between the objects in the tangential direction during the collision. So the tangential
velocities are simply the same as the old ones:

Vi = V1e 24

Vy = Uyt 25

Remember that the apostrophe after the variable means “after the collision”.

5. The new normal speeds are found. This is where one-dimensional collision
formulas are used. The velocities of the two objects along the normal direction are
perpendicular to the surfaces of the objects at the point of collision, so this really is a

one-dimensional collision.

o= Vin(my —my) + 2myv,, 26
in my +m,
,_ Van(my —my) + 2myvy, 27
an m; +m,

6. Convert the scalar normal and tangential velocities into vectors. Multiply the
unit normal vector by the normal scalar velocity and you get a vector that has a
direction that is normal to the surface at the point of collision and that has a
magnitude equal to the normal component of the velocity. It is simulate for the

tangential component.

Vip = Vip - un 28
Vi = vy -ut 29
Vyp = VUgp " UM 30
Uy = Uy ~ut 31

7. Find the final velocity vectors by adding the normal and tangential

components for each object:
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Uy = Uy, + gy 33

Now, the final velocity (after the collision) for each object as vectors have been
calculated. Since the mass of the target particles are way bigger than the mass of the
beam particles, it is a good aproximation to set the values of velocity back to zero.
This way, the target particles will stay fixed.

The velocity and position of each particle, at each iteration, are updated
according to, respectively, its acceleration and velocity as described by the Equation
34 and Equation 35. An apostrophe after the variable means the value is taken after
the update.

v =v+at 34
s'=s+uvt 35

The particles, if there are no potentials, move freely until the collision,
classically it is purely geometric, it depends on the size of the particles. But in
physical scenarios with potentials, particles are determined to interact in terms of a
force or potential. The movement is only through the center of mass, but a size is
chosen for each particle, necessary to deal with collisions.

Classical treatment is adequate in view of the short range of strong nuclear
interaction. Particles interact isotropically, that is, they do not have directions with
different interaction intensities. There are effective potentials that represent the
nuclear interaction with the characteristics: long-range attraction, short-range
repulsion.

Unlike other simulators that use the projectile, the target or both, through
distributional quantities, the hypothesis of this project is that both the projectile and
the target are used discretly. In the classical hypothesis, there is interaction only on
contact so that collision partners do not penetrate each other, with an infinite contact
repulsive force. When one puts more physics and an interaction in terms of physical
interaction, at that moment this is no longer the case, because there is an interaction
at a distance, the particles no longer need physical contact to perceive the presence
of the others. The distance that one particle passes from the other will define the
deviation in the trajectory of both. There is no closed theory in the nuclear area,

where closed theory means, for example, Maxwell's equations of electromagnetism
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that unequivocally determine the potential, so experiments with different types of
potentials are needed.

The potential gradients define the interactions (forces) that have intensities
dependent on the distance of the participating particles in the collision. For simplicity,
the problem is treated in two dimensions. Interactions at an instant are considered
only between pairs of particles, i.e. simultaneous forces between three particles are
disregarded. The resultant force at each particle is the superposition of the forces
between the pairs. To determine the movements, the laws of conservation of energy
and momentum are used.

Although everything is being implemented out with only two dimensions, new
ones are simple to implement since it is just another columns. Actually,
v[particle_number][0], which represents the velocity in the horizontal x dimension,
v[particle_number][1], which represents the velocity in the vertical y dimension and
v[particle_number][0], which represents the velocity in the depth z dimension, are all
being calculated. Similarly, for other vector involved such as positions and
acelerations. On the other hand, for a better view, the z dimension have initial
parameters so that it always stays zero. However, it would be easy to manipulate a
third, forth, fitth, or even more dimensions, since it is already preperad to do so.

Every beam particle that pass through the sensor area is marked as a non-
deflected particle and acounted to the total number of particles sensed by the
detector. The simulation is terminated when all beam particles extrapolate the screen
coordinates. At this moment, the “sensor.txt” file is created and the important
informations are written. The file is closed, OpenGL is shut down and the window is
explicitly destroyed.

The simulations have been rerunned for different temperatures with the beam

particles with fixed velocitites.
3.2 RESULTS OBTAINED
Figure 7 show the CodeBlocks ambient and beginning of the code.

Figure 6 — Code ambient
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8 “main.c [e] - Code:Blocks 20.03 - X
File Edit View Search Project Build Debug Fortran wiSmith Tools Tools+ Plugins DoxyBlocks Settings Help

GBAIt3 ¥BR/ARE> D0 B> EaN LS 10| B

<global> | WinMain(HINSTANCE hinstance, HINSTANCE hPrevinstance, LPSTR IpCmdLine, int nCmdShow) : int Vies|PRER R|

o< |E Bl Q)d e plB] JewLadmain 0Bl E=EH 00 QRS C e BEEY!
*mainc X
* Projects  Files  FSymbols [l 1 #include <stdio.h> ~
@ Workspace: 2 I #include <stdlib.h
=Mge 3 #include <windows
2 Sources 4 #include
El #include
& #include
7 #include
8
bl #define
10 /[Va
11 #define
P o
13
14
15
16
17
18
19
20 Boltzmann constant l.38065*pow (10, to 5
21 I/ 1 from R / e
22 #define Proton mass 1.67262*pow
23 //BEkRg:
24
25 LRESULT CALLBACK WindowProc (HWND, UINT, WPARAM, LPARAM);
26 void FnahleOnenGl (HWND hund. BDC* . HETRCA ) - v
< >
Logs & others x
 [7 Code:Blocks ¥ () Searchresults X [# Cece % ¥Buildlog X 4 Build messages X [#| CppChecky/Vera++ X [7) CppCheck/Vera++ messages X [#| Cscope % £¥Debugger X 4 Doyl *|
\miktex\bin;C:\Users\Raul\AppData\Local\Programs\Microsoft VS Code\bin ~
Executing: "C:\Usersi\RaullDesktcp\R\Sem Ztapa\LINGUAGEM C PARR ENGENHARIA - (ENGO304%)\s\bin\Releass\e.sxe® (in C:\Users\Rsul\Desktop\i\Sem Ztapa\LINGUAGIM C
C:\Users\Raul\Desktop\A\Sem Etapa\LINGUAGEM C PARA ENGENHARIA - (ENGD3049... |C/C++ Windows (CR+LF)  WINDOWS-1252  Line 85, Col 7, Pos 4166 Insert Modified  Read/Write default =

Fonte: Self elaboration (2023).

Runing the code, the first thing generated are the paricles as shown in Figure
8.

Figure 7 — Initial positions
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Fonte: Self elaboration (2023).

The particles in blue are the target particles, the red particles are the beam
particles and the square in green represents the detector. As the program continues,
the particles move and interact with each other. Beam particles do not interact with
each other, same for the target particles. Figure 9 show the program in a later

moment.

Figure 8 — Particle positions
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Fonte: Self elaboration (2023).

By the end of the execution, the “sensor.txt” file have been written.

Figure 9 — File written



29

| sensor.xt - Bloco de Notas

Arquive  Editar Formatar  Exibir  Ajuda

hun number: 1

Seed: 371

Temperature (Kelvins): ©.000000
Total number of simulated particles: 18@
Number of target particles: 5@
Number of beam particles: 5@
Number of particles detected: 16
Number of deflected particles: 34
Macro Cross Section: 4.557737
Micro Cross Section: ©.845577

Run number: 2

Seed: 371

Temperature (Kelvins): 100.280080
Total number of simulated particles: 10@
Number of target particles: 5@
Number of beam particles: 5@
Number of particles detected: 17
Number of deflected particles: 33
Macro Cross Section: 4.315239
Micro Cross Section: ©.843152

Run number: 3

Seed: 371

Temperature (Kelvins): 200.002000
Total number of simulated particles: 10@
Number of target particles: 5@
Number of beam particles: 5@
Number of particles detected: 15
Number of deflected particles: 35
Macro Cross Section: 4.815891
Micro Cross Section: ©.848159

Run number: 4

Ln1, Col1 100%  Windows (CRLF) UTF-8

Fonte: Self elaboration (2023).

The information is plotted as described in Figure 11.

Figure 10 — Regression

0.055 T
0.050 7
0.045 A

0.040 A

Potential
Just Collision
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0.035 A

0.030 -

Microscopic Cross Section

0.025 A

0.020

T T T T
0 1000 2000 3000 4000
Temperature (Kelvin)

Fonte: Self elaboration (2023).

The values are distinguished between the experiments with collision and

Lennard-Jones potential and the experiments with just the collision module activated.
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3.3 CORRECTIONS

Some particles undergo multiple scattering before passing through the
detector and are counted just the same as the particles that go straight to the
detector. Particles that undergo some scattering but still pass through the detector
are also counted. Although this does not interfere in the results, the author
recognizes that the code is not optimized and could be more organized.

For future works, it is needed to see what is the important physics that must be
taken into account when creating the simulation environment to determine the cross
sections. For example, in certain contexts the collisions occurs with phonos rather
than the target nuclei. But once the tool have been created, it is possible to apply it to
get a final cross section. Defining the potential, and once the cross section have
been simulated, which is beam particles’ energy and target particles’ temperature
dependent, it is possible to use them in the GENUC’s simulator since the cross
sections values are used in the probabilities of each decision as described in Figure
1.

The tool created make way for various other reactions, vibrations, rotations,
encoded in potentials. Now that the tool have been created by the author, once the
physics context have been defined, there exists a tool ready to calculate the cross
section.

Future works can explore more details, more potentials, not only scalars, since
with the energies in the reactor the most suitable potential is also a tensor. Also the
Maxwell-Boltzmann distribuition shall be implemented instead of using only the

statistical mean.
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4 CONCLUSION

The problem of calculating the cross section given the physics context, as
described in the introduction, have been successfully accomplished. The values of
the macroscopic and microscopic cross section are beeing calculated based on the
physics scenario that have been set up from Equation 7.

Consistency is observed, what is expected was precisely the difference
between with and without the potential. As the temperature increase, the microscopic
cross section increase, as expected. The width of the cross section distribution
should increase with increasing temperature. The temperature influences are more
expressive when the particle velocities of the beam are close to the thermal velocities
of the target particles.

Some reactions still do not have a database, because making the experiments
is impractical, or even impossible. Also, getting information from database cost time.
That is why the simulations exist, to calculate rapidly this and others values

independtly of experiments in the real world.
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